the VEESA Study Group Summary Background and objectives A 1-year multicenter prospective randomized controlled study was conducted on the effects of vitamin E-bonded polysulfone dialyzers on erythropoiesis-stimulating agent response in hemodialysis patients.
Introduction
Patients on maintenance hemodialysis are constantly exposed to a state of excessive oxidative stress, in part because of contact with the dialyzers during extracorporeal circulation (1-4). Excessive oxidative stress in hemodialysis patients leads to cardiovascular events and affects the erythrocytes. High-flux polysulfone dialyzers are the most commonly used type in Japan. These dialyzers provide good biocompatibility; however, if a switch is made to similar high-flux dialyzers, improved biocompatibility is a priority (5, 6) .
Cellulose dialyzers bonded with vitamin E, which confers antioxidant action, are reported to maintain or increase hemoglobin (Hb) levels, even at reduced doses of human recombinant erythropoietin (rHuEPO) (7, 8) . A study on the link between erythrocyte creatinine content and erythrocyte lifespan has reported that vitamin E-bonded dialyzers prolong erythrocyte lifespan (9) . Floridi et al. (10) have confirmed and quantified in vitro the antioxidant capacity of vitamin E-bonded polysulfone dialyzers. However, clinical research reports on the effects of vitamin E-bonded dialyzers have hitherto been mostly single-center studies (11, 12) , with no multicenter prospective studies yet reported.
In the present study, a multicenter prospective randomized controlled trial, we compared erythropoiesisstimulating agent (ESA) response in hemodialysis patients using vitamin E-bonded high-flux polysulfone dialyzers (VPS-HA) with conventional high-flux polysulfone dialyzers as controls.
Materials and Methods
This multicenter prospective randomized controlled trial was conducted at 48 centers in Japan The protocol and ethical considerations were initially approved by the Kameda Medical Center's Ethics Committee and then, the Ethics Committees at the individual centers. Each patient gave their written informed consent to participate after receiving a full explanation of the details of the research. The clinical trial was registered with the Clinical Trial Registry of the University Hospital Medical Information Network (UMIN-CTR ID UMIN000001285).
Each patient was allocated to a target Hb range depending on one's prestudy level of Hb measured for 3 months, and the target Hb level was kept during this trial.
We decided beforehand that two successive deviations from the ESA medication standard or a C-reactive protein (CRP) test result of more than 2 mg/dl would lead to the patient being dropped from the study.
Participants
Patients on hemodialysis therapy for CKD (excluding polycystic kidney disease) who satisfied the following entry criteria were recruited to the study. (1) Patient had been on hemodialysis therapy for at least 1 year using polysulfone (PS) high-performance dialyzers (13) with a b 2 -microglobulin clearance of 50-70 ml/min for 3 months before study initiation. (2) Patient had iron status above the target level in the National Kidney Foundation-Kidney Disease Outcomes Quality Initiative Practice Guidelines (14) for anemia caused by CKD, maintained a plasma ferritin level above 100 ng/mg and/or transferrin saturation (TSAT) above 20%, had a Hb level of 10.0-12.0 g/dl, and had used the same ESA (rHuEPO or darbepoetin alfa [DA]) for 3 months before the start of the study.
Methods
The protocol is outlined in Figure 1 . PS dialyzers of the same functional class (type 4) as the VPS-HA were used as controls (PS-con group). The study was managed as a multicenter, open-label, randomized trial. The patients were randomly allocated using the central University Hospital Medical Information Network Internet Data and Information Center for Medical Research (INDICE) registration system to the VPS-HA group (conventional dialyzer switched to VPS-HA) or the PS-con group (continued use of the same conventional PS dialyzer). The study period was 12 months. We defined erythropoiesis resistance index (ERI) as the total weekly ESA dose divided by the Hb value.
Criteria for Anemia Management. All patients had their Hb and TSAT measured precisely after checking that the minimum dosage of intravenous iron and/or ESA was the same at all the facilities.
The dose of ESA was adjusted and administered intravenously to maintain the Hb level within the target range corresponding to the level at study initiation (10.0#Hb#10.9 or 11.0#Hb#11.9 g/dl). If the Hb level exceeded the target range or there was no iron deficiency (TSAT 20% or above), no iron agent was used, and the dose of ESA (rHuEPO or DA) was adjusted accordingly. If iron deficiency was present (TSAT below 20%), an iron agent (type and administration method decided at individual centers) was supplemented until TSAT reached 20%, at which point iron treatment was discontinued. Administration of ESA was changed to 300061500 U/wk for rHuEPO or 1565 mg/2 wk for DA. Each patient received the same rHuEPO or DA agent throughout the study period. Minimal dosages at all facilities for ESA were virtually the same, and therefore, we assumed no difference between groups A and B within or between the facilities taking part in the study.
End Points. The primary end point was relative ERI, an index of response to ESA at baseline. We designated ERI as the total weekly dose of ESA divided by the Hb level. The dose of ESA was the dose needed to maintain the target Hb level in each group (10.0-10.9 or 11.0-11.9 g/dl) using two kinds of dialyzer (VPS-HA or PS-con). We, thus, set up the following four intervention groups. We used random assignment for dialyzer type using the University Hospital Medical Information Network Internet Data and Information Center for Medical Research (INDICE) central allocation system and nonrandom assignment for the Hb target. The Hb target was set at the value seen in the 3 months preceding the study. We set several allocation factors (facility, age [above and below 65 years], sex, Hb range, ferritin, presence or absence of diabetes, and type and dosage of ESA) and kept the Hb ranges as closely matching as possible between groups 1 and 2 and groups 3 and 4.
We defined, as the primary outcome, a significant difference in ERI between groups in the same Hb range at 12 months.
The secondary end points were peripheral blood hematology, TSAT, ferritin, transferrin, indirect bilirubin, and high-sensitivity CRP. Other parameters observed during the study period included dosage of iron agent, type and dosage of antihypertensive agent, dialysate endotoxin level, and cardiovascular events.
Statistical Analyses. Statistical analyses were performed using XLSTAT (version 2010; Addinsoft SARL, Paris, France).
Data are expressed as mean 6 SD. Baseline characteristics were compared using t and chi-squared tests. Primary and secondary outcome measures were compared using t test, Wilcoxon signed-ranks test, or repeatedmeasures ANOVA for relative values and analysis of covariance for absolute values followed by Scheffé posthoc test. A two-tailed P,0.05 was regarded as statistically significant. The absolute analysis of covariance values for each month were compared among the paired groups based on the value at the start of the study, which was then set at one to provide a comparative index.
Results
Forty-eight institutions in Japan participated in the clinical trial. A total of 305 patients satisfying the entry criteria was initially registered and randomly allocated using a central registration method (Table 1 ). Figure 2 summarizes the patients' dispositions. On completion of the 1-year study period, 213 patients had adhered to the protocol, and 92 patients had dropped out of or been excluded from the study. The reasons for dropping out were similar between the two groups: cardiovascular events, cerebrovascular events, malignant tumors, infections, hemorrhage (gastrointestinal), death, anemia management, high inflammatory response, renal transplantation, dialyzer-related problems, withdrawal of consent, and missing data (data not shown). Consequently, 213 patients were analyzed in the present study. The characteristics of our study population are shown in Table 2 .
Changes in Hb Level
In patients with target Hb of 10.0-10.9 g/dl, Hb levels were mostly maintained within the target range (10.760.9). In patients with target Hb of 11.0-11.9 g/dl, the Hb levels fluctuated around 11.0 g/dl (11.160.9).
Changes in ERI
We analyzed the ERI as a function of ESA. Table 3 shows the changes in ERI (weekly ESA dose/Hb) from study initiation to study completion. In Table 3 , ERI is expressed as a ratio relative to the baseline level (time 0).
There was no significant difference in ERI between the VPS-HA and PS-con groups at 12 months (1.160.2 for VPS-HA, 1.360.6 for PS-con, P=0.09). In patients with target Hb of 10.0-10.9 g/dl, there was no statistically significant difference in relative ERI between the VPS-HA and PScon groups (1.261.2 for VPS-HA, 1.261.1 for PS-con, P=0.58). However, in patients with target Hb of 11.0-11.9 g/dl, there proved to be a statistically significant difference in relative ERI between the VPS-HA and PS-con groups (P=0.01): the ERI of the VPS-HA group remained at almost the same as the baseline or significantly lower (P,0.05), whereas the ERI of the PS-con group significantly increased (P,0.01) at 11 months and was significantly higher than baseline (1.060.7 for VPS-HA, 1.460.8 for PS-con at 12 months, P=0.01).
For subgroup analysis of each type of ESA in Table 4 , in consideration of covariance, the absolute values for every month were compared among the paired groups based on the value at the start of the study. The value at the start of the study was then set at one to provide a comparative index. When there were significant differences between groups, the data of the group with lower ERI were underlined in Table 4 . In patients with target Hb of 10.0-10.9 g/ dl, there was a significant increase with rHuEPO at 4 months in the PS-con group (P=0.02), but in patients with target Hb of 10.0-10.9 g/dl, there was not a significant increase with rHuEPO in the VPS-HA group (P=0.39). There were no statistically significant differences in patients with target Hb of 10.0-10.9 g/dl with DA in either group (1.361.1 for VPS-HA, P=0.39; 1.360.9 for PS-con, P=0.94 at 4 months). Intergroup analysis also showed the relative value of the PS-HA group to be lower than the relative value of the PS-con group in most months.
Next, we analyzed the changes in ERI over the 12-month period of observation. ERI change of VPS-HA (P=0.11) and PS-con (P=0.13) groups was less than 20% and more than 40%, respectively, at 11 months to baseline, and no significant difference was found. Each patient was allocated to target hemoglobin range depending on one's prestudy level of hemoglobin measured for 3 months, and the target hemoglobin level was kept during this trial. Hb, hemoglobin; VPS-HA, vitamin E-bonded high-flux polysulfone dialysis membrane; PS-con, type 4 polysulfone dialysis membrane; DA, darbepoetin alfa; rHuEPO, human recombinant erythropoietin. In the PS-con group, in patients with target Hb of 11.0-11.9 g/dl treated with rHuEPO, the change in ERI at 10 months was significantly higher than at 1, 2, 3, and 4 months (P=0.02, P,0.001, P,0.001, and P=0.02, respectively), with differences of around 60%. In patients with target Hb of 11.0-11.9 g/dl treated with rHuEPO, a transient but significant increase in ERI was observed at 9 months in the VPS-HA group, whereas a pattern of increase was found transiently at 5 and 10 months in the PS-con group. In patients treated with DA, ERI decreased significantly from 8 months until the end of the study in the VPS-HA group, whereas in the PS-con group, ERI increased significantly at 5, 6, and 11 months. In these patients, significant differences in ERI between the VPS-HA and PS-con groups were detected: the ERI values of the VPS-HA group were lower than the values of the PScon group over the whole period.
A comparison of ERI between the two target Hb ranges showed ERI to be lower and variability to be smaller in patients with target Hb of 11.0-11. Values are mean 6 SD or median (25th, 75th for ESA dose and ferritin). Statistical testing of baseline characteristics between the VPS-HA and PS-con groups was performed using the Mann-Whitney U and chi-squared tests. Each patient was allocated to target Hb range depending on one's prestudy level of Hb measured for 3 months, and the target Hb level was kept during this trial. Hb, hemoglobin; VPS-HA, vitamin E-bonded high-flux polysulfone dialysis membrane; PS-con, type 4 polysulfone dialysis membrane; ESA, erythropoiesisstimulating agent; rHuEPO, human recombinant erythropoietin; DA, darbepoetin alfa; ARB, angiotensin II receptor blocker; ACE, angiotensin-converting enzyme inhibitor; TSAT, transferrin saturation; hs-CRP, high-sensitivity C-reactive protein. a P,0.05. Each patient was allocated to target hemoglobin range depending on one's prestudy level of hemoglobin measured for 3 months, and the target hemoglobin level was kept during this trial. Erythropoietic resistance index (ERI) was calculated by dividing total weekly dose of erythropoiesis-stimulating agent by hemoglobin level. ERI is expressed as a ratio relative to the baseline level (time 0). Values are mean 6 SD. Statistical testing between the VPS-HA and PS-con groups was performed using the Mann-Whitney U test. Statistical testing of 0 months versus each month was performed using repeated measures ANOVA followed by a posthoc test. VPS-HA, vitamin E-bonded high-flux polysulfone dialysis membrane; PS-con, type 4 polysulfone dialysis membrane; 10.0-10.9, target hemoglobin range from 10.0 to 10.9 g/dl; 11.0-11.9, target hemoglobin range from 11.0 to 11.9 g/dl.
a P,0.05.
rHuEPO dosage of 21.1610.6 mcg/wk to the Hb 10.0-10.9 g/dl VPS-HA group; at 447562526 U/wk, giving an rHuEPO dosage of 21.5614.3 mcg/wk to the Hb 10.0-10.9 g/dl PS-con group; at 350062440 U/wk, giving an rHuEPO dosage of 20.668.4 mcg/wk to the Hb 11.0-11.9 g/dl VPS-HA group; and at 370061932 U/wk, giving an rHuEPO dosage of 13.666.7 mcg/wk to the Hb 11.0-11.9 g/dl PS-con group.
Selected Secondary End Points
During the study period, high-sensitivity CRP did not change significantly in either group, and there were no statistically significant differences between the two groups. However, indirect bilirubin decreased significantly compared with the baseline at 4 and 7 months in the VPS-HA group (0.2060.11 and 0.1660.08 versus 0.22 at baseline, P=0.01 and P=0.02, respectively) but did not change during the study period in the PS-con group.
Changes in Iron-Related Indices
Ferritin decreased significantly and progressively in both the VPS-HA and PS-con groups. There were no statistically significant differences between the two groups (P=0.64). TSAT showed no changes. There were also no statistically significant differences in transferrin level between the two groups. For TSAT, ferritin, and transferrin, there were no differences between VPS-HA and PS-con or between both Hb ranges.
Discussion
We defined, as the primary outcome, a significantly different ERI between groups at 12 months.
The results of our study revealed no difference between the VPS-HA and PS-con groups. The ERI in the Hb range of 10.0-10.9 g/dl was not statistically significantly different between the two groups; however, for the ERI in the Hb 11.0-11.9 g/dl range, the VPS-HA group showed significantly lower values than the PS-con group.
ESA dose levels of Japanese patients in this study were lower than those ESA dose levels administered to North American patients. We surmise the reasons to be that Japanese patients with an arteriovenous fistula for blood access suffer lower oxidative stress, that Japanese target Hb is lower than North American target Hb (15) , and that there are differences in blood test timing between Japan and North America.
Patients with a target Hb of 11.0-11.9 g/dl were able to maintain the target Hb level, even at reduced ESA doses. The present results, thus, suggest that the antioxidant effect of VPS-HA effectively reduces oxidative stress in dialysis patients, which then leads to the ESA dose-reducing effect. Patients in the VPS-HA group treated with DA showed decreased ERI after 8 months, but we regard this finding as an exploratory subgroup analysis only.
Oxidative stress is also implicated in anemia in dialysis patients (16) . The chief mechanism is thought to be caused by hemolysis (17) . Moreover, patients with vitamin E deficiency have been reported to be more susceptible to hemolysis associated with oxidative stress (18) . Reports indicate that vitamin E supplementation attenuates oxidative stress in dialysis patients (19) . A study using various stress markers provides good evidence of the efficacy of vitamin E-coated dialyzers in reducing oxidative stress in dialysis patients (20) . Based on our existing findings, we speculate the mechanism of the ESA response-improving effect of VPS-HA to be as follows. In dialysis patients, oxidative stress induces increased lipid peroxidation in the erythrocyte membrane, thus weakening it, and the consequent abnormal viscosity and morphology of the erythrocytes shorten erythrocyte lifespan because of hemolysis. Vitamin E is, thus, anticipated to stop the chain reaction of cell membrane lipid peroxidation, stabilize the erythrocyte membrane (21) , and prolong erythrocyte lifespan. Use of vitamin E-bonded dialyzers has been reported to improve abnormal erythrocyte morphology, thus narrowing the range of erythrocyte size distribution (8), reduce hemolysis, thus reducing indirect bilirubin (22) , and prolong erythrocyte lifespan, leading to lower erythrocyte creatinine levels (9) . Use of VPS-HA is, therefore, likely to prolong erythrocyte lifespan, which would explain our observation, several months after switching to this dialyzers, of data evidencing its anemia therapyfavorable properties.
In this study, it proved difficult to make direct measurements of oxidative stress, such as lipid peroxides in the erythrocyte membranes, because of no change in the state of oxidation reduction in this multicenter study.
Conversely, patients in the PS-con group treated with DA showed a wider range of Hb variability for the Hb target ranges of 11.0-11.9 g/dl.
Specifically, the ERI of the VPS-HA group that was administered with DA as ESA significantly decreased compared with the ERI at baseline and was significantly lower than the ERI of PS-con group over the whole period. The results of this trial, thus, suggest a statistically significant difference between DA and rHuEPO. There are known differences, such as molecular structure and half-life, between these two ESAs. DA also shows a long cycle length for Hb variability and has small cyclic amplification, and therefore, variation of ERI was readily induced with our synergistic combination therapy of DA and vitamin E-bonded dialyzers. In a future trial, we plan to examine the differences in joint effects between VPS-HA and ESAs not assessed in this study.
Our comparison of ERI between the two target Hb ranges also showed ERI to be lower, with smaller variability, in patients with target Hb of 11.0-11.9 g/dl than in those patients with a target Hb of 10.0-10.9 g/dl. Notably, patients in the PS-con group treated with DA showed a wider range of Hb variability in the target Hb target ranges of 11.0-11.9 g/ dl than the VPS-HA group. We conclude that VPS-HA has the potential to improve response to ESA. Long-term observations may reveal lower mortality.
Interestingly, the results of our multiple comparisons showed ERI to vary according to range of Hb or type of ESA, even when using VPS-HA. However, the design of this study did not permit the results to lead to any clear conclusions, including conclusions as to a mechanism. It was difficult to assess how the dialyzer affected ERI in ERI comparisons between the intervention groups categorized by type of ESA.
No assessment of inflammation markers, such as IL-6, was performed in this study. However, assessment of 11.160.6 inflammation markers will help to elucidate the details of the mechanism. We plan a future comparison of each kind of ESA with a control group in a large-scale population. The overall relative ERI showed no difference between VPS-HA and conventional polysulfone membranes. A secondary analysis showed an ESA dose-reducing effect in patients with Hb of 11.0-11.9 g/dl.
